Abstract-The notion of applying microwave imaging to breast cancer imaging has been studied at various levels by numerous scientists. The earliest appeal of this concept related to the presumably high property contrast between benign and malignant tissue that was unique to the breast. Subsequent published studies have shown that this assumption was overly simplistic and that the tissue property heterogeneity is considerable within the breast. As we have expanded the clinical use of our microwave tomographic system, we are now using this approach to monitor tumor progressions during neoadjuvant chemotherapy. In these cases, while we can still characterize and track the tumor progression, we have observed a new phenomenon. Very often these cancer patients exhibit skin thickening near the tumor site. Our images have reconstructed elevated dielectric properties along the breast surface associated with the accompanying edema. These observations further add to the complex nature of breast dielectric properties and the challenges for imaging them using microwave interrogation.
I. INTRODUCTION
Much of our early microwave tomographic imaging work was aimed primarily at breast cancer screening and diagnosis [1] . Tumors detected in those early studies were often small and enmeshed within an otherwise normal breast. Even so, these studies provided real world experience into the level of variability and gave us confidence with our early stage imaging results. For instance, our results indicated that while both recovered properties (permittivity and conductivity) were statistically significant in distinguishing tumor from normal and benign tissue, the conductivity provided a higher level of significance [1] . Equally important, we found that denser breasts typically had higher dielectric properties and that there were often high property concentrations in our images corresponding to focal and dispersed zones of fibroglandular tissue [2] .
Since then, we have also been applying our imaging technique to several new applications including monitoring of neoadjuvant chemotherapy of breast cancer [3] . For these experiments we imaged women at the start of the therapy and at regular intervals during it to determine whether the microwave images were correlating to the overall response. For this evaluation, we generally compared our images against MR images and physical exams at less frequent intervals. These examinations were quite useful for this early stage microwave tomography evaluation in that the tumors were often quite large (generally greater than 3 cm in diameter), and generally more obvious within the complex reconstructed breast images. However, we also observed artifacts along segments of the breast perimeter that we initially didn't fully appreciate. Curiously, for quite a few women with breast cancer, there is often some level of skin thickening associated with the neoplasm. If the cancer is sufficiently advanced, large enough, and relatively close to the skin surface, the skin thickening may occur near the tumor. The extra layers of skin in this situation are often dead, but there is usually some subcutaneous edema corresponding to the associated inflammation [4] . Edema usually implies very high dielectric properties and should have a pronounced effect on the microwave images [5] . This new information builds on earlier data to paint an increasingly more complex picture of the possible dielectric properties of breast tissue [6] . From the microwave imaging technology development standpoint, visualizing this phenomenon is exciting in that it further confirms that our technology is capable of accurately recovering even more complex dielectric property distributions.
II. METHODS
Our image reconstruction algorithm is a Gauss-Newton iterative approach utilizing a log transformation [7, 8] for which the minimization statement is written as: signals and simultaneously resistively loads the antennas so that they achieve good characteristic impedance (< -10dB return loss) over our full band of operation. These antennas can be readily modeled in 2D as point sources and in 3D as line sources. We have also developed mutual coupling compensation techniques for these antennas [10] . At each iteration the algorithm computes a Jacobian matrix from which the property updates are derived. The algorithm utilizes a Marquardt regularization where the associated weighting parameters have been empirically determined [11] . The strength of this algorithm stems from the log transformation where we have developed simple strategies for tracking the absolute phase values for both the measured and computed values even in the presence of phase wrapping [9] . For the measured phases, this is accomplished by recording the phases over a broad frequency range and unwrapping based on the notion that the phases measured at a single point will not vary dramatically between those at close frequencies and that at the lowest frequency, where the wavelengths are long, we can assume that all phase values fall between -π and +π. For the computed phases, we apply simple algorithms developed in the MR arena to spatially unwrap them [12] . Utilizing the log transform technique, we have not observed convergence to local minima and only initiate the algorithm with the uniform distribution of the background medium (i.e. no a priori information).
For these images we used our microwave tomographic imaging system with an 86:14 mixture of glycerin and water as the coupling bath. For this patient's breast density, this liquid was a suitable medium. Figure 1 includes photographs of the system without the bed to the relationship of the imaging tank to the associated data acquisition electronics. The 16 monopole antennas were positioned around the breast on a 15.2 cm circle and could be moved to multiple vertical heights via computer controlled motors. At each of the 7 vertical positions (separated by 1 cm increments) each transmitter broadcast a continuous wave (CW) signal, which was detected in parallel by the remaining 15 antennas for a total of 240 measurements per imaging plane. This data acquisition was repeated at all planes for seven frequencies from 500 to 1700 MHz in 200 MHz increments. The total exam time was roughly 4 minutes for each breast.
The 2D images were reconstructed using our finite difference time domain (FDTD)-based algorithm with log transformation that allows us to reconstruct un-biased images without the use of a priori information [7, 8, 13] . For a single, 2D planar image and allowing the algorithm to run for 13 iterations, the reconstruction time was under 1 minute using a single processor in a Dell Blade workstation.
III. RESULTS
For this test case, the woman being imaged was 60 years old, had radiographically scattered density breasts and a 3.9 x 2.6 x 4.2 cm tumor in her right breast located 7.5 cm from the nipple. The MR and microwave images shown here are for the baseline set before treatment. Figures 3a, b and c show the T2 weighted, gadolinium enhanced, and subtraction axial images of the breasts, respectively. The difference image is formed by subtracting the fat-suppressed T1 image prior to contrast agent infusion from the same after infusion. It is difficult to distinguish the tumor from the fibroglandular tissue in just the T2 image. It is more pronounced in the gadolinium enhanced, T1 image but it is still difficult to separate out from the fibroglandular. Only the difference image truly separates the tumor from the remainder of the normal tissue. Interestingly, the skin thickening effect is visible in both the T2 and T1-fatsuppressed images, but not in the subtraction image. This is because the edema would appear similarly during the full course of the gadolinium infusion so that a difference image would subtract out its presence while the dynamic nature of the tumor washout behavior would be quite different over time allowing for enhancement of just the tumor zone. This is a quite complex imaging problem in that there is a substantial amount of fibroglandular tissue, a large tumor and a considerable span of edema under the thickened skin.
(a) (b) Figure 1 . Photographs of the microwave breast imaging system: (a) full system with bed removed, and (b) tank and pump compartment -microwave electronics are behind the firewall to the left.
3399 Figures 2a and b show the en face 1300 MHz reconstructed permittivity and conductivity images for planes 1-5 (Plane 1 is closest to the chestwall and the subsequent planes are separated in 1 cm increments) for the right and left breasts, respectively, for this volunteer just prior to treatment. In the right breast conductivity (σ) images, the breast region is reasonably visible as a large low property zone, which shrinks in size in progression from the chestwall (plane 1) towards the nipple with two enhancing features inside its boundary. For the permittivity ( r ) images there is a local elevated property region roughly at 10:00 for all five planes and a secondary focal zone at 4:00 for planes 4 and 5. The corresponding conductivity images show two enhanced spots in the same locations as the  r image. We hypothesize that the upper left one is the tumor and the latter a concentration of fibroglandular tissue. In addition, along the lower right surface of the breast contour there is a band of quite high values in both permittivity and conductivity image sets. This correlates well with the edema viewed in the MR images. It should be noted that this feature did disappear along with the tumor after therapy.
The corresponding imaging sets for the contralateral breast (left) also show large low property, round regions corresponding to the breast usually with only a single enhancing spot and rising to less subdued levels than for the right breast. These also shrink in size from chestwall towards the nipple. The breast perimeters in the permittivity images are not as easily discernible given the various internal features observable. None of these features rise to the level of the tumor as seen in the right breast images. As hypothesized earlier [2] , we have consistently observed that the permittivity images are better indicators of the fibroglandular tissue while the conductivity images do not enhance as much for this tissue. There also appears to be a ring-like elevated property artifact surrounding the breast. This tends to surround the entire breast and doesn't seem to rise to the elevated values for that in the right breast. We suspect this is more consistent with normal imaging artifacts when reconstructing a large, high contrast object such as the breast. The comparison of the right and left breast images suggests that the elevated properties around only a portion of the right breast are really due to the subcutaneous edema.
IV. CONCLUSION
As demonstrated in various studies, we have shown that microwave imaging can be a powerful tool for breast cancer imaging. As we proceed, it is clear that the breast dielectric properties can vary widely with almost arbitrary distributions. More recently in conjunction with our neoadjuvant chemotherapy trial, we have shown that the property distributions can be even more complex than recent publications suggest, especially in the presence of skinthickening associated edema. It is particularly encouraging that these important features in the breast are visible even under our 2D imaging configuration. While various groups have proposed and worked towards full 3D imaging of the breast for several years, our 2D approach remains the state of the art with respect to actual clinical imaging. There is no doubt that 3D imaging is the future for microwave imaging; however, it is also clear that 2D imaging has made an important mark in this ongoing research and will continue to do so for clinical exams for the near future.
